Plastids in Nicotiana tabacum are normally transmitted to the progeny by the maternal parent only. However, low-frequency paternal plastid transmission has been reported in crosses involving parents with an alien cytoplasm. Our objective was to determine whether paternal plastids are transmitted in crosses between parents with the normal cytoplasm. The transplastomic father lines carried a spectinomycin resistance (aadA) transgene incorporated in the plastid genome. The mother lines in the crosses were either (i) alloplasmic, with the Nicotiana undulata cytoplasm that confers cytoplasmic male sterility (CMS92) or (ii) normal, with the fertile N. tabacum cytoplasm. Here we report that plastids from the transplastomic father were transmitted in both cases at low (10 ؊4 -10 ؊5 ) frequencies; therefore, rare paternal pollen transmission is not simply due to breakdown of normal controls caused by the alien cytoplasm. Furthermore, we have found that the entire plastid genome was transmitted by pollen rather than small plastid genome (ptDNA) fragments. Interestingly, the plants, which inherited paternal plastids, also carried paternal mitochondrial DNA, indicating cotransmission of plastids and mitochondria in the same pollen. The detection of rare paternal plastid transmission described here was facilitated by direct selection for the transplastomic spectinomycin resistance marker in tissue culture; therefore, recovery of rare paternal plastids in the germline is less likely to occur under field conditions. Nicotiana tabacum ͉ organelle inheritance ͉ plastid transformation ͉ pollen transmission D NA in a plant cell is found in three cellular compartments: the nucleus, plastids, and mitochondria. Genes encoded in the nucleus are inherited biparentally, according to Mendel's rules. In contrast, plastids and mitochondria may be inherited maternally, paternally, or from both parents. In most crops, the maternal parent transmits plastids, because plastids are excluded from the sperm cell or, even if not excluded, are left behind in synergid cells during fertilization (1-3). In Chlamydomonas reinhardtii, a unicellular alga, in which maternal (mating-type ϩ ) and paternal (mating-type Ϫ ) chloroplasts fuse, only the maternal plastid genome (ptDNA) is inherited, because the maternal ptDNA is protected by methylation, whereas the nonmethylated paternal ptDNA is degraded (4). Once protocols for plastid transformation were developed (5, 6), localization of transgenes in the plastid genome was advocated as a means of transgene containment (7). Utility of plastid localization for containment became a hotly debated issue when the first herbicide-resistant transplastomic plants were obtained (8, 9). The reason for skepticism was the reported relatively high-frequency paternal ptDNA transmission in species in which plastids were assumed to be inherited strictly by the maternal parent. Paternal ptDNA transmission was detected in crosses by using streptomycin resistance (in 0.07-2.5%) (10, 11) and tentoxin resistance (0.5-2.5%) (12) in tobacco, pigment deficiency in petunia (2%) (13, 14) , and atrazine resistance in foxtail or birdseed millet (0.03%) (15).
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NA in a plant cell is found in three cellular compartments: the nucleus, plastids, and mitochondria. Genes encoded in the nucleus are inherited biparentally, according to Mendel's rules. In contrast, plastids and mitochondria may be inherited maternally, paternally, or from both parents. In most crops, the maternal parent transmits plastids, because plastids are excluded from the sperm cell or, even if not excluded, are left behind in synergid cells during fertilization (1) (2) (3) . In Chlamydomonas reinhardtii, a unicellular alga, in which maternal (mating-type ϩ ) and paternal (mating-type Ϫ ) chloroplasts fuse, only the maternal plastid genome (ptDNA) is inherited, because the maternal ptDNA is protected by methylation, whereas the nonmethylated paternal ptDNA is degraded (4) . Once protocols for plastid transformation were developed (5, 6) , localization of transgenes in the plastid genome was advocated as a means of transgene containment (7) . Utility of plastid localization for containment became a hotly debated issue when the first herbicide-resistant transplastomic plants were obtained (8, 9) . The reason for skepticism was the reported relatively high-frequency paternal ptDNA transmission in species in which plastids were assumed to be inherited strictly by the maternal parent. Paternal ptDNA transmission was detected in crosses by using streptomycin resistance (in 0.07-2.5%) (10, 11) and tentoxin resistance (0.5-2.5%) (12) in tobacco, pigment deficiency in petunia (2%) (13, 14) , and atrazine resistance in foxtail or birdseed millet (0.03%) (15) .
Common in these studies was utilization of alloplasmic substitution lines, in which plastids and mitochondria of one species were combined with the nuclear genome of another species. We therefore decided to test whether rare paternal plastid transmission occurs in Nicotiana tabacum if no alloplasmic substitution line is involved in the cross.
Here we report that paternal ptDNA is transmitted by pollen in crosses of plants with a normal cytoplasm in one of Ϸ10,000 seedlings. We have also shown that the entire plastid genome is transmitted by pollen rather than small ptDNA fragments, and that mitochondria (mitochondrial DNA) are always cotransmitted with the paternal ptDNA. Detection of rare paternal ptDNA transmission described here is biased by tissue culture selection, and the transgenic ptDNA is less likely to get into the germ line under field conditions.
Results

Paternal ptDNA Transmission to Alloplasmic Cytoplasmic Male Sterile
(CMS) 92 Mother. We first tested our protocols for paternal ptDNA transmission using an alloplasmic N. tabacum line, CMS92, as maternal parent. Line CMS92 was obtained by repeated backcrossing of Nicotiana undulata with N. tabacum that resulted in the replacement of the N. tabacum cytoplasm with the N. undulata cytoplasm. The ptDNA of paternal lines (Table 1) carried chimeric aadA genes in the trnV-3Јrps12 intergenic region that confer spectinomycin and streptomycin resistance. Thus, seedlings that acquired a few copies of paternal ptDNA were expected to be spectinomycin-and streptomycinresistant because of expression of aadA and male sterile, a CMS92 mitochondrial trait (12, 16) (Fig. 1A) .
Seedlings were screened for paternal ptDNA by testing them for the spectinomycin-resistance gene on a selective medium (500 mg/liter of spectinomycin). Four protocols were used. The seeds were surface sterilized and (i) germinated on plant growth [revised medium for plant maintenance in sterile culture (RM)] medium; (ii) germinated on callus induction [revised medium for organogenesis (shoot regeneration) of Nicotiana plumbaginifolia (RMOP)] medium; (iii) germinated on plant growth (RM) medium then transferred to callus induction (RMOP) medium (RM/RMOP protocol); (iv) germinated on callus induction medium and transferred onto callus induction medium (RMOP/ RMOP protocol). For protocols i and ii plates were inspected for resistance for up to 4 mo. For protocols iii and iv, seedlings were germinated on the first selective medium (RM or RMOP) for 2-3 wk (200-300 seedlings per 10-cm Petri dish), then transferred to the RMOP medium (25 per 10-cm dish) and inspected for spectinomycin resistance for up to 4 mo. Results by paternal parent are listed in Table 1 ; cumulative data are in Table 2 .
Spectinomycin-sensitive seedlings or calli were white, whereas resistant sectors or calli were green on the selective medium (Fig.  1C ). Resistance to spectinomycin could be due to expression of the Paternal aadA gene (lines designated PSpc and a number), or because of a new spontaneous point mutation in the 16S rRNA (lines designated Spc and a number). Seedlings carrying paternal plastids (aadA gene) were also streptomycin-resistant (17) . In contrast, spontaneous spectinomycin-resistant mutants (Spc93) were streptomycin-sensitive, because mutations in the 16S rRNA that prevent spectinomycin binding do not confer cross resistance to streptomycin (Fig. 1D) (18, 19) . Paternal ptDNA transfer events were recovered following each of the protocols ( Table 1 ). The frequency of seedlings with paternal ptDNA was in the range of 1-6 ϫ 10 Ϫ4 . The overall frequency, 10 events in 47,859 seedlings, corresponds to the frequency of 2 ϫ 10 Ϫ4 . Paternal pollen transmission has been confirmed by DNA gel-blot analysis indicating the regenerated plants carried the plastid genome of the donor N. tabacum paternal parent and not the maternal N. undulata ptDNA (see below). Plants regenerated from 9 of the 10 (exception was PSpc1) paternal ptDNA transmission lines have been purified to homoplasmy by one additional round of plant regeneration and transferred to the greenhouse. The flowers in each of the nine lines had the CMS92 petaloid phenotype of the maternal parent (Fig. 1B) and produced seed after fertilization with wild-type pollen. In preliminary experiments, selection for streptomycin resistance (500 mg/liter) yielded two paternal ptDNA transmission events (PSt1 and PSt6). Because first selection on streptomycin medium yielded seedlings that often turned out to be sensitive in the second test, experiments to recover seedlings with paternal ptDNA by streptomycin selection were abandoned.
Paternal ptDNA Transmission in Cross with Normal Cytoplasm. Testing of paternal ptDNA transmission between parents with the normal cytoplasm was carried out by using one transplastomic spectinomycin-resistant father, Nt-pMSK56, and mother lines, Nt-pHC18 or Nt-pHC19, that did not have any plastid genetic marker but carried a (nonsegregating) nuclear gentamycinresistance gene. Therefore, seedlings acquiring the aadA gene from the paternal parent were expected to be resistant to spectinomycin, streptomycin, and gentamycin ( Fig. 2A) .
Three paternal ptDNA transfer events have been recovered in 34,115 seedlings following the RMOP/RMOP protocol (Fig.  2B) , a frequency of 9 ϫ 10 Ϫ5 ( Table 2) . Transfer of paternal ptDNA as the source of spectinomycin resistance has been confirmed by demonstrating resistance to streptomycin and gentamycin (Fig. 2C) . Hybrid origin of the PSpc70 line was also indicated by segregation of its seed progeny for gentamycin resistance (Fig. 2D) .
Transmission of Entire ptDNA by Pollen. Transfer of ptDNA fragments to the nucleus has been shown during reproduction (20) and in somatic cells (21) . Thus, transfer of paternal ptDNA may occur within an intact organelle or by a transformation-like process. In case of the transfer of organelles, we expected to find the entire paternal ptDNA, whereas transfer that involves transformation is likely to involve only ptDNA fragments. To distinguish between the two possibilities, we tested species-specific ptDNA restriction fragment length polymorphism (RFLP) markers in progeny to which paternal ptDNA has been transferred. Because the ptDNA sequence is available only for N. tabacum (22) , first we identified RFLP markers that are suitable to distinguish the N. tabacum and N. undulata ptDNA. This was accomplished by digesting total leaf DNA of the two parental lines with a battery of eight restriction endonucleases that yield 100-400 ptDNA fragments each, then probing the blotted DNA (Fig. 3) . We found polymorphic sites in five sets of genes in the large unique region (atpI-rpoC2, psbC-psaA, trnV-atpB, psbJpsbE, and rps8-rps3), the insertion site of aadA in the inverted repeat (3Ј-rps12-rrn16-trnV), and one set of genes (psaC-ndhA) in the small unique region. Probing of total cellular DNA isolated from greenhouse-grown homoplastomic plants revealed only N. tabacum paternal ptDNA markers in the nine plants selected by spectinomycin resistance (PSpc2-PSpc66) and in two plants selected by streptomycin resistance (PSt1 and PSt6) ( Table 3 ). We conclude, therefore, that the entire ptDNA is transmitted by pollen, most likely in intact organelles.
Cotransmission of Mitochondrial and Plastid DNAs.
Paternal transmission of plastids naturally triggers the question whether the nonselected mitochondria (mitochondrial DNA) is cotransmitted with the ptDNA from the father line. To answer this question, we first identified polymorphic restriction sites in the mitochondrial genome (mtDNA) using a mtDNA fragment containing the atp6 gene. Digestion of total cellular DNA with the SspI enzyme and probing with the atp6 probe revealed unique fragments in both the N. tabacum and N. undulata mitochondria. Probing of each of the 11 paternal ptDNA transfer lines revealed both N. tabacum-and N. undulata-specific fragments (Fig. 4) , indicating that N. tabacum mitochondria were transmitted with the plastids by pollen.
Discussion
Pollen Transmission of ptDNA. We report here that pollen transmission of ptDNA occurs at a low frequency in crosses of N. tabacum lines carrying the normal cytoplasm. Thus, it appears that exclusion of paternal ptDNA fails at the frequency of 1 of 10,000 seedlings. Indeed, during male reproductive cell maturation, occasional plastids have been observed in tobacco sperm cells that could form the cytological bases of paternal pollen transmission (23) . Alternatively, organellar inclusions in the sperm nucleus could provide a potential mechanism for transmitting organellar DNA into the next generation (24) . We normally evaluate seedling phenotype 2 wk after spreading 200-300 seeds on a selective (500 mg/liter) spectinomycin medium. Formation of resistant sectors due to expression of paternal aadA genes may take longer, 6-16 wk, and the sectors are relatively small. Thus, they are likely to remain undetected in a standard seed assay unless a large number of seedlings or seedling calli are cultivated for extended periods. Because of the lack of suitable genetic markers, transmission of paternal ptDNA by pollen thus far had been shown only in alloplasmic crosses, leaving open the possibility that paternal ptDNA transmission is due to the breakdown of normal control processes in the alloplasmic cross. Indeed, the frequency of paternal pollen transmission reported in alloplasmic crosses, in general, was significantly higher, 0.5-2.5% of seed progeny (10) (11) (12) (13) (14) than the value we found, 9 ϫ 10 Ϫ5 , in the cross with the normal cytoplasm. However, the frequency of paternal pollen transmission in our alloplasmic cross was also relatively low, 2 ϫ 10 Ϫ4 , and only Ϸ2-fold higher than the frequency in the cross between the normal parental lines. We believe this is due to our choice of tobacco line, N. tabacum cv. Petit Havana. Indeed, line-specific differences within a species are important; in Petunia, lowfrequency paternal ptDNA transmission was detectable in only 5 of the 22 inbreds tested (25) .
Protocols for Testing Paternal ptDNA Transmission. The number of cell divisions in a developing plant is determined by the plant's developmental program. In contrast, tobacco cells in a culture can be grown indefinitely, so long as the cells are transferred to fresh medium at regular intervals. We were interested to find out whether the limitation of cell division in a seedling would interfere with the recovery of paternal ptDNA transfer events. Based on data in Table 2 , it appears it is not necessary to callus the seedlings to identify paternal pollen transmission events when screening for a transgenic spectinomycin resistance marker. Although the frequency of paternal ptDNA transmis- sion events was independent of the protocol, the number of spontaneous spectinomycin-resistant mutants was not; the twostep RMOP/RMOP protocol with repeated subculture on callus induction medium yielded 10 times more mutants than protocols, including only one subculture on callus induction medium (Table 2) . Thus, longer culture and transfer onto fresh medium (more cell divisions) enabled recovery of more spontaneous mutants.
Cotransmission of Paternal Plastid and Mitochondrial DNA. Taking advantage of species-specific plastid and mitochondrial RFLP markers in plants derived from the alloplasmic cross, we could address two important issues that are untraceable in the normal cross. First, we found by testing seven regions in the ptDNA, all RFLP markers derive from the paternal parent (Table 3) . Thus, the entire ptDNA is transmitted, rather than small ptDNA fragments from the paternal parent, most likely in an intact plastid. There is no evidence for a transformation-like process that was reported for ptDNA transferred from the plastid to the nucleus (20, 21) or ptDNA recombination detected after chloroplast fusion (26) . This conclusion is in agreement with earlier reports that failed to show any deviation from paternal ptDNA (10-13).
We also found that each of the alloplasmic lines that acquired paternal ptDNA also has the maternal CMS92 phenotype. Maintenance of maternal CMS phenotype and mtDNA restriction patterns led earlier investigators to the conclusion that the mtDNA is not transmitted together with the selected ptDNA (10) (11) (12) . Interestingly, we found that each of the paternal ptDNA transfer lines has mixed mitochondrial DNA RFLP markers (Fig.  4) . Thus, the mitochondria in these plants carry some of the N. tabacum mtDNA sequence in addition to the mitochondrial sequence causing the petaloid CMS92 phenotype (16, 27) . Finding mixed parental mtDNA is not surprising. Mitochondria in plant cells may participate in a massive fusion cycle (28) , and recombination of mtDNA following mitochondrial fusion is well documented (see, for example, ref. 29) . Cotransfer of mtDNA and ptDNA in earlier studies may have been missed because of limited probing, or because it does not occur in all species combinations. Mitochondria are more frequent in sperm cells than plastids, and inclusion of both plastids and mitochondria in the cytoplasm or nucleus of exceptional sperm cells could provide a shared mechanism for transmitting both organelles into the next generation (23, 24) .
Transgene Containment. One of our objectives was to determine the absolute number of paternal ptDNA transmission events in a normal cross. When using a one-step protocol, we may have missed some paternal ptDNA transmission events because of nutritional limitation that prevented formation of a visible sector from each of the carrier cells. With the two-step protocol, we recovered significantly more spontaneous mutants but not significantly more transmission events; thus, the one event per Ϸ10,000 seedlings is the absolute number of ptDNA transmission events in N. tabacum cv. Petit Havana, the tobacco line we studied. The absolute number of ptDNA transmission events seen here is probably much higher than the number of events likely to appear under field conditions. The plastid genome is highly polyploid (30) and, when the cells divide, there is no exact duplication of the cytoplasm. Presence of ptDNA copies in the vegetative plant tissue depends on the paternal ptDNA copies being present in the shoot apex. Paternal ptDNA copies were clearly present in the original shoot apex of only two of the seedlings, PSpc3 and PSpc4 (Fig. 1C ) of the 12 events that yielded plants. (Note that we disregard newly differentiated shoot apexes, such as PSpc66 in Fig. 1C .) Formation of rare sectors with a few copies of paternal ptDNA are biased by tissue culture selection; therefore, they are less likely to get into the germ line under field condition.
Transgene flow within crops and between crops and wild relatives is a genuine concern (31, 32) . Experiments reported here are the first steps to design genetic screens that will lead to identification of nuclear genes controlling plastid pollen transmission. Understanding the genetic control of plastid inheritance will facilitate rational design of new transgenic crops in which escape of plastid transgenes by pollen can be minimized.
Materials and Methods
Plant Lines. Mother lines with the normal cytoplasm were NtpHC18 or Nt-pHC19, N. tabacum cv. Petit Havana plants transformed with an aacC1 gentamycin resistance gene expressed in a cauliflower mosaic virus 35S cassette (33) . In the Nt-pHC19 plants, an XbaI site is blunted downstream of the aacC1 coding region. CMS92 seed was kindly provided by Ezra Galun in the N. tabacum cv. Samsun background (16) . The CMS92 mother line was an F 1 hybrid of cv. Samsun and cv. Petit Havana. Father lines N. tabacum cv. Petit Havana Nt-pMHB10 (34), Nt-pMSK56 (35) , and Nt-pJEK6 plants (36) carry transplastomic spectinomycin resistance (aadA) genes. The fertile mother line was manually emasculated before pollination.
Tissue Culture and Selection. The RM plant growth medium was agar-solidified containing Murashige and Skoog salts (37) and 3% sucrose (pH 5.8). The RMOP medium is an RM medium containing benzyladenine (1 mg/liter), naphthaleneacetic acid, (0.1 mg/liter), and thiamine (1 mg/liter) (38) . Antibiotics spectinomycin dihydrochloride and streptomycin sulfate were filtersterilized and added after autoclaving. The seeds were sterilized by exposure to the vapor of 100 ml of 6% sodium hypochlorite (Clorox bleach) and 3 ml of concentrated HCl for 8 h. Seeds were counted with AlphaImager 2000 (Alpha Innotech, San Leandro, CA). General protocols for plant tissue culture have been described elsewhere (17, 39) .
DNA Gel Blot Analysis. The protocols for DNA isolation, digestion, and probing have been described (17, 39) . The plastid DNA probes are listed in Table 4 . Mitochondrial DNA was probed with a 6.9-kb PstI fragment containing the 3Ј-half of atp6 gene (40) generously provided by C. S. Levings, North Carolina State University, Raleigh, NC. For the complete N. tabacum mtDNA sequence, see GenBank accession no. BA00004 (41) .
